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Chapter 1 
 
Introduction 
 
 
1.1 Background 
To cover the energy requirement, the researches are being made for conventional or 
renewable energy. One of the renewable energy is solar energy, which can be the 
main source or alternative energy source in the power generator. Excellence of using 
the renewable energy is clean energy and friendly to the environment. Beneficially 
solar radiation is equally distributed in the any place on the earth, its density isn’t 
large, irradiation fluctuate sharply with the fickle weather, and the solar energy cannot 
be stored, which cause no conflict on the earth and on each one in peace. In fine 
details, the irradiance intensity is influenced by the factors: geographic (longitude, 
latitude) of the location. The location around the equator has good irradiation 
throughout the year, but the location around the pole particularly in winter season has 
little irradiation. Based on these reason, the equipment of solar energy in the tropic 
area is more effective than other places (subtropics and pole). The survey, the 
observation and measurement must be made to sure the irradiance intensity of a 
location. Although in the tropic area, the topography of the location and the weather 
also affect the irradiation. For example, the location at the mountain is often rain or 
cloudy. As a result, the total irradiation in one day is low. Based on the converting 
energy, the solar energy is classified into: direct (thermic)[29] and indirect 
(photonic)[14]. In the thermic system, the solar energy is used direct to heat the object. 
For example: solar drying, thermal pump and desalination, etc. In the photonic system, 
the solar energy works as the photonic energy. In this thesis, the author researches for 
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the photonic system especially the photovoltaic pump system. The photovoltaic 
system has main component, which is named the solar generator. The solar generator 
consists of some photovoltaic modules. To obtain big power capacity, a photovoltaic 
module has some solar cells those are connected in series and parallel and the 
modules are also installed in series and parallel. In order to avoid dust, water, rain, 
heat and humidity, the solar cell is encapsulated with the frame of the flat glasses. The 
electric energy produced by the solar generator is direct current (dc). In addition to the 
irradiance intensity and temperature, the power output of the solar generator also 
depends on the solar cell efficiency.  
The application of the photovoltaic system has advantages and weakness.  
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Figure 1.1: Intensity of the sun radiation in one day 
 
Weakness 
- Sun radiation 
The irradiance intensity of the sun radiation in one day always changes and 
fluctuates. The Figure 1.1 is an example of the irradiation of not good weather. 
The irradiation starts around 6 o’clock and increase at the maximum value 
(approximate 900 W/m2) at 12 AM. After 11 AM the irradiation fluctuates, 
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because the sky is cloudy and rainy later. After that the irradiance intensity is 
gradually decrease. Around 18 PM the irradiation is zero. The sun radiation is 
main source for the photovoltaic system, so the performance of the photovoltaic 
system depends on the irradiance intensity. 
 
- Efficiency 
The efficiency of solar cell is relative low 15% [4] for the mono-crystal silicon 
and 12% for the poly-crystal silicon. As a result, to get big capacity of the solar 
generator, large area of the solar cell and places are necessary. The new material 
and process are researched to replace the silicon, which is main material for the 
solar cell, but still too expensive and low efficient. 
 
- Price 
In current time, the silicon is main material for the solar cell. In the world, the 
material silicon is not so much and always bounded with other material. Purifying 
silicon from other material is needed high process and expensive cost. From the 
reasons, the price of the photovoltaic module is expensive (1 watt peak » 4,- 
US$)[32].  
 
Opportunity 
- Renewable and clean energy  
Different from the fossil or nuclear energy, the conversion process from the 
photonic energy into the electrical energy produces no waste materials, which are 
harmful to the environment. Because this conversion is friendly to the 
environment, the solar energy is clean energy. The electric energy from solar 
generator is classified into the renewable energy, because the main energy source 
is taken from the nature or the sun radiation. 
 
- Space and rural area 
In the rural area and the space, to get the energy source is not easy.  Only solar 
energy is possible to use as the energy source. With the solar photovoltaic system, 
the electric power can be obtained and the operation of the photovoltaic system is 
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possible without the operator, the photovoltaic system is suitable for the rural area 
and the space. 
 
- Low maintenance 
The solar generator produces the electric energy from the solar energy, which 
exists by nature and the fuel is not necessary for the operating of photovoltaic 
system. The lifetime of the photovoltaic module is estimated around 10-15 years.  
In rural area and space, the equipment in the photovoltaic system is designed and 
set without the operator or run automatically. Because of this, the maintenance 
and operational cost of the photovoltaic system is low. 
 
 
In the City (grid connection)
Spatial Average
Power Plant
-  Hydro
-  Fossil
-  Nuclear
-  etc.
Amendments of 
power industry law
Interconnection
Solar Generator
Consumers
-  Industry
-  Building
-  Office
-  House
-  etc.
 
Figure 1.2: Interconnection between the solar generator and other generators 
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1.1.1 In the City 
In the modern community, the electric energy is basic demand. In the big city and 
country, electric energy is supplied by multi power plants with the source energy: 
fossil, hydro, nuclear, and thermal generator, etc. The solar generator can also be used 
as the power generator. With the reasons expensive price, low efficiency of the 
photovoltaic module and the fluctuation of the output, the solar generator is only as 
alternative generator. However since the recent amendments of power industry law, 
electric power produced from even a small house solar generator can be sold through 
the utility lines. These generators are connected together. The power supply can be 
smoothened by the interconnection over the vast area and power plants. The schema is 
shown in the Figure 1.2, the power utility in the city is no problem any more and 
enough. The solar generator gradually becomes a main generator in the city. With the 
system grows up into a single big system, the system is afraid to be a brittle one as the 
nuclear generator system, which needs powerful huge security. 
In the Rural Area (stand alone)
time average
Solar
Matching with storage
- pump
- refrigerator
Load :
- communication
- refrigerator
Load :
- house/lighting
- TV repeater
- cathodic protection
- pump
- etc.
direct
indir
ect
Generator
- Battery
- Hydrogen
- Water Tank  Water Drinking/Pumping  small Hydro-power
Fuel Cell Hybrid with Diesel 
Figure 1.3: The solar generator is as the main generator. 
 6
1.1.2 Remote Area 
In the rural area [25] and the space, solar energy is suitable as the main energy source, 
because the other energy source is limited. The intensity of the irradiation is highly 
fluctuating as mentioned above and utility grid cannot be used in the rural area, the 
energy storage in time is inevitable to match the variation of energy demand. In the 
Figure 1.3, the schema illustrates the solar generator as the stand alone of electric 
generator with some kinds of load. As the common electric storage, the battery is used 
but the size of the battery is too big compared with its capacity and it is not friendly to 
the environment. Hydrogen from the electrolysis  of water is considered the promising 
storage as the fuel of fuel cell or diesel engine, but hydrogen is difficult to store or 
carry, and the hydrogen different from the water, gets out of the gravity area of the 
earth. This means the valuable and rare water goes out of the earth. 
In this thesis, considering the countries such as Indonesia and Kochi, who have many 
islands or mountains, the photovoltaic pump (PVP) system of the hydraulic power 
generator is proposed as the energy storage, which is not only store the hydraulic 
energy but also supply the water drinking and watering places in the higher settlement 
area, where there are many places in the world and are waiting for the exploitation. 
In the city solar energy is converted to the electricity by solar generators and collected 
through power utility grid, whereas in the rural area as illustrated in Figure 1.4, 
hopefully solar energy is stored in the pasture and collected by the cattle to the 
watering places constructed with the present system. With these procedures, entropy 
can be decreased and turned to power.  
 
In Chapter 2, the PVP system is presented about the system loaded with two 
centrifugal pumps and without the battery. The small pump is set to operate in the 
morning and afternoon or low irradiation. The big pump is adjusted for the high 
irradiation or around noon. 
In Chapter 3 and 4, the performance of the PVP system with maximum power tracker 
is presented for single pump. The measured data are evaluated and analyzed.  
In Chapter 5, the PVP system with battery is proposed. The size of the battery based 
on the estimation and calculation with model are discussed.  
 
 7
 
Figure 1.4 :   Landscape in a village 
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Chapter 2 
 
Double Pumps  
 
2.1 Energy Output and Load 
Exploiting the solar energy has been done to suffice the energy for the human life 
with directly or high process. One of applying the solar energy is the photovoltaic 
pump (PVP) system, which pumps the water from water source to the storage tank or 
the community. The solar cells made from the silicon material functions to change the 
solar energy into the electric energy. The solar generator consists of the some solar 
cells, which do converting the photonic energy into the electric energy. The power 
output of the solar generator is influenced by high- low irradiance intensity and 
temperature, but the temperature doesn’t strongly affect the performance of the solar 
generator. The intensity of the sun radiation in one day is different value from 0 to 
1000 Wm-2. The radiation data of the every location is maybe different with the other 
location. The high-low radiation depends on the latitude and altitude of the location.    
The power output of the solar-generator is written: 
PSG = Irr   x   A   x   xcell            (2.1) 
where PSG is power output of the solar-generator (Watt); Irr the irradiance intensity of 
the sun radiation (0~1000 Wm-2); A the area of the  solar cells (m2); xcell the efficiency 
of the solar cell (poly-crystal xcell £ 12% and mono-crystal xcell £ 15%).  
From the Equation (2.1), while fluctuating the irradiance intensity, the power output is 
change or various. Commonly the PVP system is connected with a pump as the single 
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load and without the storage energy or the battery, which can be used to save the 
waste energy. When the irradiance intensity is low or high, the voltage (V) and 
current (I) output of the solar generator are different.  
In the clear weather, the irradiance intensity has relationship to the time in one day. In 
the morning or low radiation, the system with the small load works well. Gradually 
the irradiance intensity rises and the power (current-voltage) output of the solar-
generator is also swell. When the power output of the solar-generator is too bigger 
than the capacity load, the voltage output of the solar generator or the voltage input of 
the inverter/converter is over the maximum operating. According to the protection of 
the component in the inverter/converter for defection, the inverter/converter cuts 
automatically the connection from the solar-generator. The status of the inverter 
becomes in stand by. It causes that the pump doesn’t run. The maximum irradiance 
intensity happened around 12 o’clock. After this time the irradiance intensity slowly 
decreases and the voltage output of solar generator also goes down. When the voltage 
output isn’t over the voltage operating of the inverter/converter, the connector in the 
inverter is switch on and the pump runs back. 
The PVP system with the big load only works at the high radiation or around noon. At 
the low irradiance intensity, this system doesn’t operate, because the power output of 
the solar-generator is too smaller than the load capacity.  
In one day the PVP system with the single load has the unbalancing between the 
power output of the solar-generator and the load capacity. The Unbalancing condition 
results the pump is stop and losing energy. It causes the performance of the PVP 
system isn’t yet optimum.  
 
 
2.2 Optimization with Double Pumps 
In order to solve the problem of the PVP system, double pumps are loaded, which are 
different capacity. In the regulating and operating the loads, the small pump is run at 
the low irradiance intensity and the big pump is employed at the high irradiance 
intensity, as shown in Figure 2.1. 
In the morning with the low irradiance intensity, the small load (pump I) is run. The 
irradiance intensity increases gradually with time. When the radiation is high, the 
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unbalancing energy occurs between the power output of the solar generator and the 
pump I. To balance this condition, the big load (pump II) is operated and the small 
pump (pump I) is stopped. Although the irradiance intensity is high, the PVP system 
works right. Because the capacity of the pump II is bigger, the water flow rate is also 
higher.  
 
time
Pump I Pump I
06.00 18.00
Irradiation
  Pump II   
 
Figure 2.1: Operating area of the small and big pumps 
 
In the clear weather, the maximum irradiance intensity is about 1000 Wm-2 around 
12.00 o’clock. After 12 o’clock, the irradiance intensity goes down slowly. When the 
power output of the solar-generator doesn’t balance with the pump II, the pump I is 
operated (pump II-off). Although the radiation relative low, the system operates yet 
with the small pump. In the cloud weather, the operating time of the small pump 
(pump I) is longer than the big pump (pump II). 
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Solar Generator
Module Reference
Pyranometer
Water Storage
Pump I & II
Well
Inverter
Measurement
Control
Interface
 
Figure 2.2: PVP system with double pumps. 
 
 
2.3 Photovoltaic with Double Pumps 
For the realizing of the PVP system with double pumps, some supplements of the 
equipment are necessary: personal computer, interface-card (PCL-718), sensor, 
transducer, software and etc. The c++ compiler is used to write and build the software, 
which made to: synchronizing between the computer and interface, reading the 
analog-digital signal and regulating-controlling the pump. The interface installed in 
the personal computer is possible to use for the data logger, because it is completed: 
16 channels Analog-Digital (A/D) converter, 16 channels Digital-Digital (D/D) output 
and input. In addition, using for the data logger, this interface can be also applied for 
the controller, which is done by 2 channels Digital-Analog (D/A) output. These 
channels are functioned to operate the pump. The PVP system is monitored and 
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operated automatically by a personal computer, which is installed with the interface 
and software. For the accuracy of the regulation of the pump, the irradiance intensity 
is measured and averaged every minute. The computer using the interrupt handler 
reads the signal input from the interface. The measured data is averaged in a time 
period, which is adjusted in the program with unit: second, minute and hour. For the 
accuracy of the measured data and effective of the time, the time period is set for the 
one minute. One of the measured data is the irradiance intensity, which is used as a 
reference to regulate the pump operation. The PVP system in the clear weather starts 
to operate around 6:00 AM and stops around 18:00 PM. The location of the research 
is in UPT-LSDE Puspiptek, Serpong-Tangerang and the schema of the PVP system is 
shown in Figure 2.2.  The equipment and component are installed in the PVP system 
with the double pumps: 
 
2.3.1 Solar Generator 
The solar-generator consists of 75 photovoltaic modules, which is 3.225-Watt peak. 
The modules are installed in series 18 pieces and in parallel 4. To optimize the power 
output of the solar generator in one year, the modules are put on the rig with angle 10 
degree. The direction of the rig is north, because the Serpong’s location is at South of 
the equator. 
Specification of the photovoltaic module: 
 Nominal power  (Pn)  : 39  Wp 
 Nominal voltage (Vn)  : 18.5 V 
 Nominal current (In)  : 2.5 A 
 Open voltage  (VOC)  : 24.4 V 
 Short circuit  (ISC)  : 2.7 A 
 Module efficiency   : 10% 
 Cell efficiency    : 11.5% 
 Number cell    : 40 
 Material    : poly-crystal 
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2.3.2  Inverter 
The electric energy from the solar generator is direct current (dc) electric, but the load 
requires the alternating current (ac) power supply. To convert power from dc electric 
to the ac electric power, the inverter is necessary. The main component is the switcher 
and the pulse width modulation (PWM). Usually the switcher employs MOSFET or 
IGBT, which is driven and controlled by the PWM. The wave quality, frequency and 
voltage output of the inverter are also influenced by the PWM. 
The voltage output of the solar generator fluctuates and depends on the irradiance 
intensity. To get optimum power output of the solar generator, the frequency of the 
inverter must be controlled. According to the capacity power, the three-phases 
inverter is chosen and installed in the PVP system. 
The theory and illustration of the inverter are shown in Appendix C.1 to form the 
configuration of a three-phase inverter.  
The specification of the inverter: 
  Capacity   : 3500 VA, 3 phase 
Voltage input (Vin)  : 135 ~ 300 V dc 
Output voltage (Vout)  : 13 ~ 127 V  ac 
Maximum input current (Iin) : 16 A dc 
Average output current (Iout) : 14 A ac 
Frequency   : 5~50 Hz 
Wave    : Sinuous 
 
 
2.3.3  Motor  
In the submersible pump, the motor is coupled directly with the pump in one unit. To 
suit the phase of the inverter and the size of the motor, the 3-phase induction motor is 
chosen. Three-phase induction motor is installed together with the centrifugal pump. 
Because this PVP system is without the battery, the power output of the solar 
generator depends on the irradiant intensity. It causes that the voltage and frequency 
output of the inverters are unsteady, however the starting and rotation of the three-
phase induction motor have not problem. The maintenance of the induction motor is 
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relative low, because the rotor is squirrel cage type and without brush. The detail of 
the three-phase induction motor is shown in Appendix C.2. 
The specification of the motor: 
Motor I 
 product    : Franklin Electric 
nominal data at 50 Hz 
voltage input    : 3 x 127 V 
average power   : 1100 Watt 
current    : 8.5 Ampere 
cos F    : 0.84 
rpm    : 2835 per minute 
 
Motor II 
 product    : Franklin Electric 
nominal data at 50 Hz 
voltage input    : 3 x 127 V 
average power   : 2200 Watt 
current    : 17 Ampere 
cos F    : 0.84 
rpm    : 2835 per minute 
 
2.3.4 Pump  
The type of the pump is centrifugal pump, which is connected with motor directly in 
one unit. The specification of the pump is appropriated with the head of the location. 
The head is measured from the source water to the water outlet of the pump with 
vertical direction. The detail of the centrifugal pump is illustrated and shown in 
Appendix C.3. The specification of the pump: 
Pump I 
 Product   : Groundfos 
 Type    : SP 2A 
 Head    : 53 meter 
 Maximum flow  : 2 liter/second 
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 Weight    : 15 kg 
 
Pump II 
Product   : KSB 
 Type    : UPA 100-4/22 
 Head    : 70 meter 
 Maximum flow  : 4 liter /second 
 Weight    : 19 kg 
 
2.4 Regulating the Double Pumps 
The regulating of the operation with the double pumps in the PVP system uses the 
analog-digital (A/D) output of the interface. Each signal output of D/A converter is 0 
~ 5 volt that it is connected to the switcher.  The channel I is used to drive the 
connector between the inverter and the pump. The channel II is applied to steer the 
connector between the inverter and the solar-generator. Schematically the regulation 
is illustrated at the Figure 2.3.  In the morning when the radiation is near 250 W/m-2 or 
around 7:30 AM, the PVP system starts to run with the small pump (pump I = 1.1 
kW). Relationship to the time, the irradiance intensity increases little by little. When 
the irradiance intensity is high, the power output of the solar-generator and the voltage 
output of the module reference are also swell. While the voltage module reference is ³ 
2.3 volt, the voltage output of the channel I is +5 V (adjusting by the software). 
With the signal +5 volt, the inverter- pump II is connected (pump II – on and pump I 
– off). When the moving of the connection from pump I to pump II is happened, the 
inverter in flash is without the load. As the protection, the inverter becomes in stand 
by. From stand by to ready condition, the inverter takes around 15 minutes. The reset 
inverter is required to cut the stand by time. When the output channel II is +5 volt, the 
connection between the inverter and the solar-generator is unconnected. The condition 
of the inverter from stand by to off necessitates 13 seconds. In order to protect the 
inverter, after 16 seconds, the output channel is +0 volt (adjusting in the software). 
This signal of the channel II causes the connecting between the inverter and the solar-
generator. The PVP system with the pump II operates back. Because the capacity of 
the pump II is bigger than pump I, the water flow rate is also higher. 
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Figure 2.3: Schematic of the regulation of the pumps. 
 
In good weather, the maximum irradiance intensity occurs around 12:00 AM. In the 
afternoon the irradiance intensity decreases gradually. When the voltage output of the 
module reference is £ 2 volt (radiation » 550 Wm-2) or around 15:00 PM, the output 
of the channel I is +0 volt. This signal causes the connecting between the inverter and 
pump I (pump II – off). When the load moves from pump II to pump I, in flash the 
inverter is without load. As the protection, the status of the inverter is in stand by.  To 
reset the inverter, the output of the channel II is set +5 volt by the software. This 
signal causes the disconnecting between the inverter and the solar-generator. After 16 
seconds, the output of the channel II is return +0 volt. The inverter and solar-generator 
is connected and the PVP system with the pump I (pump II-off) runs again. The 
irradiance intensity decreases continuously. When the radiation is < 200 Wm-2 or 
around 16:00 PM, the PVP system is stop. Because the power output of the solar-
 17
generator is << the load capacity (pump I). The basic program of the regulation and 
measurement is shown in the Figure 2.7 (flowchart).  
 
 
2.5 Performance and Measured Data 
To evaluate and analyze the performance of the PVP system, some parameters of the 
system must be measured. A personal computer included the interface (PCL-718) is 
used as the data logger. The interface has 16 channels (single ended) analog-digital 
converter and 4 channels digital-digital output and input. The reading of the signal 
input of the measured data utilizes the interrupt handler in the computer. For the 
accuracy and effective of the time, the measured data is averaged every minute and 
saved directly to the hard disk. 
The measured data is: 
sun irradiation (Ec), output voltage of the solar generator (Vout), output current of 
the solar generator (Iout), hydrodynamic pressure (H), flow rate (Q), VAR power 
of the inverter (Svar), watt power of the inverter (Pwatt) and output voltage of the 
reference module,  
From this measured data, the other data is calculated, 
sun irradiation per unit time (kWhm-2 per day), power of the solar generator 
(kWh per day), water volume (m3), total head (m), subsystem efficiency (%), 
system efficiency (%), VA power and factor power (cos F) inverter. 
 
The measured data is displayed in the graphics, as shown in the Figure 2.4 and 2.6. 
From the Figure 2.4, the small pump (pump I) starts around 7: 30 AM or irradiance 
intensity » 250 Wm-2. The irradiance intensity increases slowly and the output solar-
generator is also swell. When the irradiance intensity is around 700 Wm-2, the PVP 
system operates with the big pump (pump II–on, pump I-off).  Because the load 
capacity of the pump II is bigger than the pump I, the water flow rate is also faster. 
The maximum irradiance intensity is around 900 Wm-2 or about 12:00 AM. Afternoon 
the irradiance intensity decreases continuously. When the irradiance intensity is 550 
Wm-2, the PVP system operates with the small pump (pump I-on, pump II-off). The 
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irradiance intensity decreases gradually. When the power output of the solar-generator 
is << the load capacity of the pump I, the PVP system is stop. 
Performance of the Double Pumps
4 x Voltage output of Solar Generator [V]
70 x Current output of Solar Generator [A]
150 x Voltage output of reference module [V]
5 x Total head [m]
1 x Water flow rate  l/minute]
Time
Radiation [W/m^2]
 
Figure 2.4: Performance of the double pumps in one day 
 
From data in the Table 2.1, the performance of the PVP system with double pumps 
can be illustrated in the Figure 2.5. This figure shows the relationship between the 
hydraulic power (total head x water volume) and the insolation of the sun radiation. 
For the chance of the operation the small pump runs is longer than the big pump, 
because the insolation average is relative low. Therefore, this PVP system is only 
suitable for the location, where has the high insolation in one year. In the location 
with the low insolation, using double pumps isn’t effective, because the big pump has 
small chance to run.  
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Table 2.1: Result of the performance of system 
Insolation 
Wh/m2 
per day 
Head 
H 
m 
Water 
volume 
m3 
Inverter 
eff. 
% 
Module 
eff. 
% 
System 
eff. 
% 
Power 
factor 
inverter 
Hydroulic 
equivalent 
m4 
6453.04 30.16 31.936 80.287 6.348 2.690 0.509 963.32 
5632.89 26.50 29.695 76.192 5.607 2.657 0.462 787.20 
5378.07 27.59 24.390 64.689 6.026 1.075 0.450 673.06 
5310.34 24.15 27.543 64.630 5.884 2.125 0.433 665.23 
5035.07 27.72 23.816 78.074 5.349 2.337 0.471 660.30 
4973.53 21.61 22.990 73.900 6.261 1.818 0.456 496.76 
4559.44 20.04 11.628 59.385 5.485 1.007 0.407 233.12 
3710.66 15.83 10.897 56.681 5.763 1.002 0.362 172.51 
 
 
3500 5000 5500 6000 6500
1000
800
 Insolation [kWh/day]
P
ow
er
 H
yd
ro
ul
ic
 [m
  /
da
y]
45004000
600
400
200
0
4
 
Figure 2.5: Power hydraulic of the double pumps at the various insolation 
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Figure 2.6:  Performance of the double pumps in one day. 
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The regulation of the double pumps 
Start
Inverter:
Irradiation
Ready/Stand by
> 250 W/m^2
Inverter:
ON
Pump I:
ON
Water source:
Empty
Inverter:
OFF
Pump I:
OFF
Yes
No
Yes
No
2
Time :
> 6:0:0
Stop
End
No
Yes
Time
Data file
Set control register
Set scan trigger
Set I/O digital  register
Set interval timer
Set interrupt request
Set interrupt handler
Read: Analog & Digital input
Period
1 Minute
Average:
measured data
Save:
measured data -> data file
PV reference
>= 2.5 V
Set D/A output
2 channels
No
Yes
No
Yes
1
3
Time
>= 18:0:0
No
Yes
 
Figure 2.7:  The basic program of the regulation and measurement. 
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Chapter 3 
 
Photovoltaic Module  
 
 
 
3.1  Photovoltaic Model 
 
The photovoltaic module consists of some solar cells, which is installed in series and 
parallel in the frame. Protecting for water, dash, humidity and heat, the solar cells are 
placed in the encapsulation, which has single or double flat glasses. Through the flat 
glass, the light possible radiates the surface of the solar cell. The solar cell functions 
to convert the photon energy to the electric energy. The electric energy resulted by the 
solar cell is direct current (dc) electric. Performance of the solar cell or photovoltaic 
module depends also on the efficiency. Maximum efficiency of the photovoltaic is 
approximate 15% for mono-crystal silicon and around 12% for poly-crystal silicon. 
Because the efficiency is relative low, to get the huge power capacity of the solar 
generator, many photovoltaic modules are required. The performance of the module 
can be identified with some methods, but one of the methods knows the model of the  
solar cell. 
The model of the solar cell is declared in the exponential equation that includes 
constants and parameters, as the Equation (3.1)[1]: 
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where Ugap is band gap (set constant to 1.14 V); eo charge of an electron (1.6021 x 10-
19 As); k Boltzmann constant (1.3854 x 10-23 JK-1); a (1.0) b  (3.1) diode parameter, 
and T cell temperature in Kelvin; G irradiation; j current density; V voltage; C0; 
C1;C01; C02 constants; rsh, rs shunt and series resistance. Each solar cell in the module is 
considered to have similar performance. To get the parameters of the model, the 
module is radiated and loaded with a load simulator. While being irradiated, the load 
simulator is regulated gradually from zero until maximum load by a personal 
computer. The regulated load simulator results various output current-voltage of the 
module. The testing is repeated under the low-high irradiation and various 
temperatures.  
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Control
1
4
2
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5
6
1. Photovoltaic Module
4. Pt 100
2. Shunt Resistance
3. Load Simulator
5. Pyranometer
6. Computer
Remark:  
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te
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Figure 3.1: Testing of a photovoltaic module  
 
The measured data (radiation (G) and cell temperature (T)) and the output current-
voltage of the module are recorded and saved in the hard disk. The radiation (G) and 
cell temperature (T) of the recorded data are as input data for the model and the 
recorded I-V output of the testing as reference for the I-V output of the model. The 
values of the parameters (C0, C02, C1, rsh) are obtained from the linear simultaneous 
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equations, and log linear simultaneous equations for (C01, rs) by use of least square 
method and iteration. After the best fit, the results from the model coincided with 
those from measurement, and the values of the parameters are considered appropriate. 
Because the equation of the model is exponential, the  values of the I-V output are 
solved by iteration. The value of the maximum output voltage (Vmax) is fixed firstly 
with entry the value of the output current equal zero (I=0).  To find the value of the 
current (In), the value of the maximum voltage (Vmax) is decreased small by small 
(Vn=Vmax – n DV). The calculation is continually done until the value of the voltage 
equal zero (Vn=0) and the maximum output current (Imax) is established. The 
calculation is reiterated for the other value of the radiation (G) and cell temperature 
(T) from the recorded data. Some results of the measured I-V curve are shown in 
Figure 3.2 (shown by lines with symbols).  
1
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Figure 3.2: I-V curve of the measurement and model of a photovoltaic module. 
 
The values of the I-V model are approached to the I-V output of the measurement, the 
value of the parameters are as: a = 1; b  = 3.1; rs = 1.3660 x 10-04 W m-2; rsh = 0.913 W 
m-2; Co = 0.45100 V-1; C1 = 0.1786 x 10-04 V-1 K-1; C01 = 38.1786 A m-2 K-3; C02 = 
0.1220 A m-2 K-5/2.  
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The value of the parameters depends on the quality and efficiency of the solar cell.  
The performance of the photovoltaic module is easy identified by the model 
simulation with the various radiation (0 ~ 1000 Wm-2) and temperature, as shown 
Figure 3.2. The voltage output is relative constant at the various radiations, but the 
current output is proportionally with the radiation.  
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Figure 3.3: I-V curve with the values of radiation. 
 
The cell temperature affects the performance of the I-V output of the module. By the 
simulation model, the I-V curve is illustrated with the various cell temperature and 
constant radiation, as shown Figure 3.4.   
At the Figure 3.4, the graphic shows relationship between the cell temperature and I-V 
output of the module. The Effect of the cell temperature is due to the exponential 
increases in the saturation current with an increase in temperature. 
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Figure 3.4:  I-V curve with the various cell temperatures. 
 
3.2 Solar Generator 
The photovoltaic system with the big capacity power requires some photovoltaic 
modules. The voltage output of the solar-generator depends on the photovoltaic modules 
in series. In order, the power of the solar-generator is bigger than the power of one 
individual module, the modules are connected in parallel. 
 
3.2.1 Modules in Series 
In an ideal case when numbers (n) of the identical photovoltaic module are connected 
in series, the open-circuit voltage equal to nth the voltage of one individual module: 
)0I(V.......VVVVV n321
1
n nSG
>++++== å
)2.3()0I(nV.......nVnVnVV nOC3OC2OC1OCSG ======
 
The result of the ideal characteristic of n identical modules in series by the simulation 
model is presented in the Figure 3.5. 
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Figure 3.5: The photovoltaic modules in series. 
 
3.2.2 Module in parallel 
The numbers (n) of the identical module are jointed in parallel. The resulting voltage 
(VSG) is the same for each module and the resulting current (ISG) is the sum of the 
respective currents I1 until In of the module: 
n321
1
n nSG
I.......IIIII ++++== å  
)3.3(V.......VVVV n321SG =====  
The simulation model illustrates the ideal result ing of characteristic of the modules in 
parallel in the Figure 3.6. 
The solar-generator of the photovoltaic system with the big capacity is built by the 
some modules, which are connected in series and parallel. The integrated assembly of 
the photovoltaic modules together with support structure (foundation, tracking, box 
junction, cable and other components) is defined as the photovoltaic array. 
The current and voltage output of the solar-generator in the photovoltaic array are:  
)4.3(V.......VVVVV n321
1
n nout
++++== å  
)5.3(I.......IIIII m321
1
m mout
++++== å  
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The power of the solar-generator (Pout) is written in the Equation (3.6): 
( )( ) )6.3(I.....IIIV.....VVVIVP m321n321
1
m
m
1
n
nout +++++== åå  
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Figure 3.6:  The modules in parallel. 
 
3.3 Maximum Power Point 
The maximum power point (MPP) is a vertex point between the current line and the 
voltage line at the I-V curve with the widest area. The changing of the radiation and 
cell temperature moves the position of the MPP. In the Figure 3.7, a line connects 
from the MPP at the radiation 100 Wm-2 until the MPP at the radiation 1000 Wm-2 at 
the I-V curve. Because the module consists of the solar cell, the current and voltage 
output of the module are found by the Equation (3.1) and the MPP of the module is 
calculated: 
)7.3(I.VP mdmdmaxmd =-  
)8.3(VmV clclmd =  
)9.3(InI clclmd =  
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Substitution Equations (3.7), (3.8) and (3.9) 
)10.3(IVnmP clclclclmaxmd =-  
where Pmd-max is the maximum power output of the module; Vmd the voltage output of 
the module; Imd the current output of the module; Vcl the voltage output of the one 
cell; Icl the current output of the one cell; mcl the number of the cell in series in the 
one module; ncl the number of the cell in parallel in the one module. 
The MPP of the photovoltaic module is calculated with using the Equation (3.1) and 
(3.10) by simulation model. The maximum voltage (Vmax) is computed with the 
current equal zero (I=0). The relationship between the current (In) and voltage (Vn) is 
found with decreasing the maximum voltage step by step (Vn=Vmax – n DV). The 
result of the power calculated by Equation (3.7) is always compared with the previous 
power (Pn-1). With this method, the maximum power (Pmax) is found. 
In the Figure 3.7, the highest of the maximum power (Pmax) at the radiation 1000 W 
m-2 is shown with ABCD area. The point B is a vertex between the current line and 
voltage line of the maximum power point (MPP). 
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Figure 3.7:  The MPP line of the photovoltaic module. 
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Chapter 4 
 
Single Pump 
 
 
4.1 Photovoltaic System 
One of the method of increasing the efficiency of the photovoltaic system is  replacing 
the sub-component or  the component with higher efficiency. Usually the PVP system 
uses the centrifugal pump, but in the current experiment operates the piston pump as 
the new sub-component. The PVP system consists of the main component: 
photovoltaic array, converter, motor, pump and other supporting of the equipment. 
The PVP systems in the current experiment are installed in two locations: Subang and 
Serpong, West Java-Indonesia. The components and the equipment supporting the 
PVP systems at the two locations are similar. The experimental setup is illustrated 
schematically in Figure 4.1. The solar generator part consists of 24 modules with 36 
mono-crystal solar cells in each module. The parallel number of the solar cell in each 
module is 1. The parallel number of the module in the photovoltaic array is 3. The 
capacity of the solar generator is 2040-watt peak. A 510-watt dc motor is used as a 
mechanical driver that is connected by the belt to a flywheel. The rated power of the 
motor is chosen smaller than the generator capacity to enable the PVP system to run 
under low irradiation.  To track the optimum power output of the solar generator, a 
Maximum Power Point (MPP) Tracker and a 1400-watt dc-dc converter are installed. 
The MPP Tracker controls and adjusts the voltage output. Because the motor is 
connected directly to the MPP tracker without the stored energy (battery), the speed of 
the motor is relative not constant. The fluctuant of the radiation causes the change of 
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current and voltage output of the solar-generator. The head of the pump is used the 
head simulator that exploits the adjusting valve. The head of the piston pump is set to 
work from 15 to 35 meters. The experiments are carried out under the clear weather 
starting from about 8.00 AM or when the irradiation is approximately 180 W/m2 until 
around 16.00 PM. 
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2. MPP-Tracker (1400 W)
3. DC-Motor (510 W) 9. Flywheel
5. Pulley
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8. Pulley
6. Stroke adjusment
4. Pumping frame 10. Well
11. Piston pump
12. Water outlet
R e m a r k  :
File : piston_2
Figure 4.1: Schema of the mechanical piston pump system 
 
4.2 Solar Generator 
The solar-generator consists of the photovoltaic modules 24 pieces with type BP  585F. 
The modules are connected in series 8 pieces and in parallel 3 arrays. To protect the 
module from the animal, people and shadow, the modules put on the supporting or the 
rig that is 1-2 meter high. The latitude of the position of two locations (Subang and 
Serpong) is around 107 degree and the altitude is about 10 degree South. Because the 
location in the south of the equator, the module is directed to north and the angle is 
 33
around 10 degree. The direction and angle is fixed, in order to get the optimum of the 
radiation during one year. Besides the radiation intensity, the shadow and dust at the 
photovoltaic module can influence the power output of the solar-generator. Therefore, 
the location of the photovoltaic array must be free from tree, building and something, 
which are higher than the high PV array. For the dust, the glass of the photovoltaic 
module should be cleared 2 times in one year.  The lifetime of the photovoltaic 
module is estimated for 15 years. 
North
a
 
Figure 4.2:  The photovoltaic array with 24 modules. 
 
The specification of the photovoltaic module: 
Module type    : BP 585F 
Crystal     : mono-crystal 
Nominal peak power   : 85.00 W 
Peak power voltage (Vmp)  : 18.00 V 
Peak power current (Imp)  : 4.72   A 
Short circuit current (Isc)  : 5.00   A 
Open circuit voltage (Voc)  : 22.03 V 
Minimum power (Pmin)  : 80.00 W 
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Number cell    : 36 cells 
Total area cell    : 0.45 m2 
Weight     : 7.5 kg 
 
 
4.3 DC-DC Converter [16] 
The dc-dc converter or dc chopper protects the condition of the voltage output in the 
photovoltaic system. In addition to regulating the voltage output, the dc-dc converter 
functions as the maximum power point (MPP) tracker. Because the radiation intensity 
changes, the current and voltage output of the solar-generator always fluctuate and the 
MPP of the solar-generator also moves. With the MPP tracker, the power output of 
the solar-generator is near optimum. The dc chopper can be used as switching-mode 
regulators to convert a dc voltage normally unregulated, to a regulated dc voltage 
output. The regulation is normally achieved by pulse-width modulation (PWM) at a 
fixed frequency and the switching device is commonly a power IGBT or MOSFET. 
 
4.3.1 Buck Regulator 
In a Buck regulator, the average output voltage Va is less than the input voltage Vs 
hence the name “buck “, a popular regulator. The circuit diagram of a buck regulator 
using a power IGBT is shown in Figure 4.3-a, and this like a step-down chopper. The 
circuit operation can be divided into two modes. Mode 1 begins when transistor Q1 is 
switched off at t = 0. The input current, which rises, flows through filter inductor L, 
filter capacitor C and load resistor R. Mode 2 begins when transistor Q1 is switched 
off at t = t1. The diode Dm conducts due to energy stored in the inductor and the  
inductor current continues to flow through L, C, load and diode Dm. The inductor 
current falls until transistor Q1 is switched on again in the next cycle. The equivalent 
circuits for the modes of operation are shown in Figure 4.3.b. The waveforms for the 
voltages and currents are shown in Figure 4.3.c for a continuous current flow in the 
inductor L. Depending on the switching frequency, filter inductance and capacitance, 
the inductor current could be discontinuous. 
The voltage across the inductor L is in general, 
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dt
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Le L =  
Assuming that the inductor current rises linearly from I1 to I2 in time t1, 
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Figure 4.3: Buck regulator 
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where DI is the peak-to-peak ripple current of the inductor L. Equating the value of DI 
in Equation 4.1 and 4.3 gives 
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Substituting t1 = kT and t2 = (1-k)T yields the average output voltage as 
Va = k Vs        (4.6) 
Assuming a loss less transistor switch, Vs Is =  Va Ia = k Va Ia and the average input 
current, 
Is = k Ia        (4.7) 
The switching period T can be expressed as  
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which gives the peak-to-peak ripple current as 
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Using Kirchhoff’s current law, the load current can be written as 
iL = ic + io. 
If the load ripple current, Dio, is very small and negligible, DiL = Dic. The average 
capacitor current, which flows for ,
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The capacitor voltage is expressed as 
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Substituting the value of DI from equation (4.9) or (4.10) in equation (4.11) yields 
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The buck regulator requires only one transistor, is simple and has high efficiency. The 
di/dt of the load current is limited by inductor L. However, the input current is 
discontinuous and a smoothing input filter is normally required. It provides one 
polarity of output voltage and unidirectional output current. It requires a protection 
circuit in case of possible short circuit of the diode path. 
The specification of the dc-dc converter:  
Type     : Maximizer 1200 P 
Power     : 1400 W 
Input current    : 0 ~ 12 A 
Output current    : 0 ~ 20 A 
Input voltage    : 20 ~ 165 V dc 
Output voltage adjustment  : 13 ~ 132 V dc 
With these devices, maximum power can be tracked by changing the value of k to be 
optimum I x V. In the present experiment, Buck Regulator was used. 
The other regulator (boost regulator) is shown in Appendix C.4. 
 
4.4 Motor 
The motor changes the electric energy into the mechanical energy. The kind of the 
motor is the dc motor, which has couple brushes and couple permanent magnets. The 
using the permanent magnet increases the efficiency motor, because the stator doesn’t 
 38
require the electric power, which is used to excite the magnet field in the stator. The 
motor with the permanent magnet is only suitable for the small capacity, but for the 
big capacity, it is not effective.  The detail of the dc motor is shown in Appendix C.5. 
The specification of the dc motor: 
Type     : WSM3 
Capacity    : 510 W 
Input voltage    : 43 ~ 190 V dc 
Nominal input  current  : 16.8 A 
Maximum input current  : 140 A 
Nominal rotation   : 750  per minute 
Maximum rotation   : 4500 per minute 
Efficiency    : 71% 
Weight     : 21 kg 
 
4.5 Pump 
The new type of the pump installed in PVP system is piston pump or Bohner’s pump. 
Schematic of the piston pump is shown in the Figure 4.4. The pump consists of the 
main component: cylinder, piston, springs and valves. When the piston, Pt, moves up, 
the valve, VL1, is open, whereas the valve, VL2, is close (P2 > P1), the water flows up 
through the valve, VL1. The piston, Pt, goes up until the top position that is adjusted 
with the stroke of the pump. On the contrary, when the piston, Pt, moves down, the 
valve, VL2 is open (VL1 is close), the water flows through the valve VL2 at the piston.  
The flowing water in the pump is needed the work in the equation as: 
 
W = (P2 – P1) A Dl     (4.14) 
 
where W is the work; P1 & P2 the water pressure; A the cross area of the cylinder and 
Dl the length of the piston displacement.  
The efficiency of the piston pump is higher than the centrifugal pump. Because the 
size of the piston pump is relative big and requires the supporting, the installing of the 
PVP system with the piston pump is relative more difficult than with the centrifugal 
pump. 
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Figure 4.4: Schematic of the piston pump 
 
The specification of the piston pump: 
Type     : piston/Bohner’s pump 
Piston diameter (on demand)  : 50 ~ 130 mm 
Stroke (adjustable)   : 100 ~ 240 mm 
Rotational speed   : 10 ~ 120 rpm 
Water head (static)   : 15 ~ 100 m 
Daily yield    : 25 ~ 170 m3 per day 
Well diameter    : 6 inch 
 
 
4.6 Measured Data 
The data logger does the reading and recording of the measured data. The recording of 
the measured data is possible adjusted in minute and hour. To get the accuracy of the 
measured data, the recording is set in every minute. By a personal computer via the 
RS 232 port, the measured data is transferred in the hard disk. 
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The measured data :  
- Irradiation      W m-2 
- Voltage of the solar generator   V 
- Current of the solar generator   A 
- Temperature of the solar cell   oC 
- Ambient temperature     oC 
- Rotation of the motor    rpm 
- Pressure outlet pump     bar 
- Level of the water source     bar 
- Water flow     l/sec. 
- Temperature of the MPP tracker    oC 
- Temperature of the motor    oC 
- Efficiency of the solar generator   % 
- Efficiency subsystem    % 
- Efficiency system      % 
- Total head       m 
- Water total      m3 
- Hydraulic output     m4 
- Water flow rate per rotation      
 
4.7 Evaluations and Analysis   
The photovoltaic model with the parameters is known and the measured data of the 
photovoltaic system is obtained as mentioned in previous Chapters. In order to get the 
performance of the PV system, the evaluating and analyzing with the model and the 
measured data is presented. With the simulation program in the personal computer, 
the performance of the PV system (maximum power of the solar-generator, 
impedance load, efficiency subsystem and efficiency system) is simply known. 
 
4.7.1 Maximum Power Solar-Generator 
The purpose of the calculating of the maximum power is to know between the loading 
and the power of the solar-generator under the radiation. The maximum power output 
of the solar generator is expressed by the equation: 
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)15.4(I.VP SGSGmaxSG =-  
Substitution equation (3.10) and (4.15), the maximum power output of the solar 
generator: 
)16.4(I.Vnmnm P clclmdmdclclmaxSG =-  
 
where PSG-max is the maximum power output of the solar generator; VSG the voltage 
output of the solar generator; ISG the current output of the solar generator; mmd the 
number of the module in series; nmd the number of the module in parallel.  
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Figure 4.5: Performance of PVP System 
 
With the simulation program of the solar-generator model and the measured data 
(radiation (G) and cell temperature (T)), the relationship between the current and 
voltage (I-V) output of the solar-generator is found. In order to get the maximum 
voltage (VSG)max of the solar-generator under the radiation (G) and temperature (T), 
the current solar-generator is set equal zero (ISG = 0).  To find the maximum power, 
the value of the maximum voltage is decreased little by little (VSG[n]= VSG Max – n 
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DV) and the current (ISG[n]) is gotten. The power (PSG[n] = VSG[n] x ISG[n]) must be 
compared to the previous power (PSG[n-1]=VSG[n-1] x ISG[n-1]). With this method, 
the maximum power of the solar-generator under the radiation (G) and temperature 
(T) is obtained. The calculating of the maximum power of the solar-generator is 
repeated for the other measured data (G,T). The Figure 4.5 shows the correlation 
between: radiation (G), cell temperature (T), current (ISG MPP), voltage (VSG MPP) and 
maximum power (PSG MPP) of the solar-generator.  
The values of the maximum power (PSG MPP) and the current (ISG MPP) are little bigger 
than the power and current output of the solar-generator from the measured data. It 
means that the PVP system with the piston pump is near optimum. 
 
4.7.2 Impedance Load [10] 
To know the performance of the PV system, one of the methods calculates the 
impedance load (rL). The impedance load is equivalent of the capacity of the load 
under radiation (G). To get the impedance load, the numerator of the last term of 
equation (3.1), VC+jrS, is replaced by VC+jrL. The model with the load can be written: 
 
 
 
 
The rL >> rS, the equation becomes: 
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The  rL is the equivalent impedance load, which indicates the load capacity of the PVP 
system, and estimated from the experimental data of current output  at large irradiation. 
With this constant parameter, rL, the current output of the experimental data coincided 
well with the calculated values over a wide range of irradiation as shown in Figure 4.5.  
The calculated maximum power also overlaps with the measured data over a long 
range of time. The value of constant rL is almost same for other experiments of same 
system and condition. With this model, the system could be well evaluated, and the 
MMP tracker is shown to work well, but the lifetime of the motor is relatively short. 
This might be due to the mismatch of the capacity of the motor and the solar generator, 
and the large and immediate fluctuation in the irradiation intensity.  However, this still 
needs further investigation. 
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Figure 4.6:  Correlation: impedance load (rL) – efficiency (x) 
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4.7.3 Efficiency 
The performances of the PVP system can be explained in term of its efficiency. Based 
on the measured data, the efficiency is categorized in this study into photovoltaic 
efficiency (xpv), subsystem efficiency (xSub) and total efficiency or system efficiency 
(xsys). 
The photovoltaic efficiency (xpv) is the comparison between energy output of the 
solar generator and irradiation.  The pv efficiency depends on the quality and kind of 
the crystal. The mono-crystal had the efficiency higher than the poly-crystal. The  
The PV efficiency is written by the following equation: 
 
)19.4(%100
AxG
IxV
PV
SGSG
PV =x  
 
where Apv is total area of the solar generator [m2]; VSG voltage output [V] and ISG 
current output [A] of the solar generator. From the measured data, the average of the 
PV efficiency is 12.5 %, and the PV efficiency is also dependent on the impedance 
load (rL) as shown in Figure 4.6.  
The subsystem efficiency (xSub) is the ratio between the hydraulic power and the 
power of the solar generator. The value of xSub reflects the efficiencies: dc-dc 
converter, motor and pump. The subsystem efficiency is: 
 
 
The value of xSub can be calculated from the measured data shown in Figure 4.9. The 
mean subsystem efficiency is 60%. This value is higher than that of the PVP system 
with the centrifugal pump. 
The total efficiency (xsys) is the comparison between the energy output and the energy 
input to the system. The total efficiency is an integration of several efficiencies: PV 
efficiency and subsystem efficiency, and can be written as: 
 
)20.4(%100
IxVx367.0
HxQ
SGSG
Sub =x
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The total efficiency (xsys) of this system is approximately 8% as shown in Figure 4.6  
The correlation between the motor temperature (Tm) and the impedance load (rL) is 
shown as Figure 4.7. The motor used in the PVP system is the dc motor 510 watt. 
Because the motor capacity is too small than the pump, the motor temperature is 
average 50 oC degree. The impedance load follows the increasing of the motor 
temperature.  
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Figure 4.7:  Correlation: impedance load (rL) – motor temperature (Tm) 
 
Figure 4.8 and 4.9 are the relationship between the irradiation and the efficiency of 
the piston pump and the centrifugal pump. The efficiency of the centrifugal pump 
(including the inverter) is approximately 37% at the irradiation around 600-1000 W 
m-2. The performance of the centrifugal pump is well only at the high irradiation 
(>600 Wm-2), but at the low irradiation, it is relative bad or not running. 
)21.4(%100
AxGx367.0
HxQ
x
PV
SubPVsys =xx=x
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The efficiency of the piston pump (including dc-dc converter) is near 64% at the 
irradiation around 400~1000 Wm-2. Although the irradiation is relative low (150< 
irradiation <400 Wm-2), the piston pump can be operating. Base on this result, the 
performance of the piston pump is better than the centrifugal-pump and its efficiency 
is also higher. 
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Figure 4.8: Performance of the centrifugal pump 
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Figure 4.9:   Performance of the piston pump 
 49
 
 
Chapter 5 
 
Single Pump with Battery 
 
 
5.1 Background 
 
The average efficiency of the photovoltaic pump system is still low. To increase the 
efficiency, and reducing the motor temperature, the battery will be installed in the 
photovoltaic piston pump (PVPP) system. The battery is necessary to store the surplus 
energy, when the power output of the solar generator is greater than the load. As the 
backup, when the power output of the solar generator is smaller than the load, the 
some energy is taken from the battery. The other effect, the voltage system and the 
speed of the motor become relative constant. Using the ac motor, which is without the 
brush, is low for the maintenance and easy to find the spare part. The current output of 
the solar-generator is the dc current, but the load is the ac motor. To solve this 
problem, the inverter is used, which changes the dc current to the ac current. The 
capacity of the solar-generator is 2040-Watt peak with 24 photovoltaic modules. The 
valve simulated the head simulator of the pressure pump outlet, which can be adjusted 
to 20 - 60 meters. According to the head of the pump specification is 40 meters, in the 
current experiment the head simulator will be set to 40 meters.  By the constant head, 
the measured data of the performance will be evaluated and analyzed easier.  
As the controller and data logger, the personal computer will be used that is 
completed with the interface-card (PCI-9118HG), sensor, transducer, software and etc. 
The interface has 2 channels digital-analog output, 4 channels digital-digital output-
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input and 16 channels (single ended) analog-digital converter.  The visual C++ 
windows 98 will be used to build the software that functions to: synchronizing 
between computer-interface, reading the signal input of the interface and saving for 
the measured data in the hard disk. Schematically, the PVPP system with the battery 
is illustrated in Figure 5.1. In the current experiment, the system will be installed in 
location: UPT-LSDE, Puspiptek-Serpong, Tangerang.  
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Figure 5.1: Schematic of the piston pump with the battery and measuring system. 
 
5.2 Load-Battery Capacity 
In order to get the optimum of the PVPP system, the balancing among the solar 
generator output, the load capacity and the sizing of the battery must be found. The 
power output of the solar-generator is influenced by the irradiance intensity. 
Therefore, fixing of the load capacity and the battery references to the radiation and 
the temperature data from the location where the system will be installed.  
The maximum power output of the solar-generator is calculated with the program 
simulation, which consists of the photovoltaic model with the equation (3.1) and 
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(4.16). The radiation and temperature from the measured data are the input data by the 
simulation program. Because the relationship between the current (I) and the voltage 
(V) in the photovoltaic model is the exponential equation, the solution can be obtained 
only possible with the iteration.  
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Figure 5.2: Optimizing the load and the maximum power of the solar generator. 
 
 
5.2.1 Load Capacity 
The load and battery capacities depend on the capacity of the solar generator and the 
weather particularly irradiance intensity. By the model and its parameters with the 
simulation program, the power output of the solar generator can be calculated. As 
input datum (irradiance intensity and temperature) for the simulation program the real 
datum are used, which are taken from the measured data of every minute period. With 
this period and real data, the output of the simulation is hoped with the high accuracy 
result. To find the load capacity, the load is put from 500 watt ~ 1300 watt. The 
principle of the calculation of the optimum basic load for every datum input (radiation 
and temperature) that the basic load must be smaller than the power output of the solar 
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generator, as shown in the Figure 5.2. The basic load is set smaller than the power 
output of the solar generator, in order to avoid the unbalance energy or the deficient 
energy. By this method, the using energy for the load, the waste energy and starting-
stopping time can be calculated. The result of the calculation is shown in the Figure 
5.3. The relationship among the load capacity, the waste energy and the basic load is 
shown in Figure 5.3. The optimum basic load is around 950 watt. It is also has the 
widest area.  
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Figure 5.3: Correlation of the load capacity, the waste energy and the basic load 
 
5.2.2 Battery Capacity 
The battery capacity in the photovoltaic system is determined from the charge-
discharge energy and the factor value of the deep of discharge (DOD). The battery 
functions to save the energy, when the energy is surplus and as the backup, when the 
power is deficient or the power output of the solar generator is lower than the load. 
The battery in the ideal condition is always full charge (100% energy capacity), but it 
is impossible, because charging-discharging the energy into or from the battery 
happens always. To maintain the lifetime of the battery and the energy condition in 
the battery, the charge-discharge must be limited. The limiting of the energy 
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discharging is called deep of discharge (DOD), which is declared with percent (%) 
from the full capacity. The DOD value is depends on the quality and kind of the 
battery. For example, the DOD of the block’s battery is higher than the car battery.  
In the photovoltaic pump system, the battery has functions: 
- Storage energy:  
When the power output of the solar generator is greater than the load, the 
surplus energy is saved into the battery. This situation happens, while the 
irradiance intensity is high or the pump is not running.  
 
- Energy Back-up  
The power output of the solar generator is influenced by the weather 
especially the sun radiation. When the weather is a little cloudy, the energy 
is deficient and the energy is taken from the battery. 
 
- Constant Voltage 
The characteristic motion of the piston pump is: slow, smooth and 
continuous. Therefore, the rpm of the motor must be as possible adjusted 
constant. With the battery, the voltage input of the motor is not fluctuation 
and the rpm of the motor is relative stable. 
 
The optimum basic load is known L = 950 Watt as presented above. In this case, 
by use of battery the starting point t will change. At the optimum, (L0, t0) would 
not change with the small change of the battery capacity. Then from the Figure 5.4, 
the equation (5.1) yields: 
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Figure 5.4: Calculating the total load. 
where Dt is the change of starting time of the total load; L0 basic Load; Dy increasing 
load (50, 100, 150, 200,…etc.); t0 operation time of the basic load. 
t
2
Dy
Dt Time
B
as
ic
 L
oa
d 
(L
  )
06.00 18.00
1000
600
200
Power Output of 
the solar generator [W] x 0.5
Sun radiation [W/m^2]
Area I
Area II
Ar
ea
 I'
Area III
0 0
 
Figure 5.5: Basic calculation of the battery and the total load capacities 
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To find the total load, which is suitable, the Dy is increased with 50, 100, 150, 200 
watt. The area I (surplus energy) and the area I’ (deficient energy) must be equal 
illustrated in the Figure 5.5, because the surplus energy at the area I is saved in the 
battery. Considering the efficiency of the battery, Dy, varies with the battery 
efficiency. The saved energy in the battery and Dy at the basic load 950 watt is 
presented in the Figure 5.6.  
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Figure 5.6: The waste energy at the basic load 950 watt. 
 
The battery capacity can be found,   
 
)2.5(
DOD
'IArea
BC =  
where BC is the battery capacity in ampere hour (Ah); DOD deep of discharge (%); 
area I’ the deficient energy. 
Area I’ << area I, the battery capacity can be written,  
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)3.5(
DOD
IArea
BC =  
 
For the other optimum basic load L0 of other sun models, the total load is shown in the 
Figure 5.7. From this figure and at the DOD, the battery capacity can be decided .To 
reduce the cost, the car battery would be used with DOD 15%-20%.  
In the followings, some devices necessary for the planning future experiments will be 
noted. 
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Figure 5.7: The battery capacity for DOD 10%-20% 
 
5.3 Battery Charge Regulator 
The photovoltaic system with the battery must be equipped with the battery charge 
regulator (BCR). The BCR protects the battery condition from over charging and over 
discharging. At this photovoltaic system, the function of the BCR will be replaced by 
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a personal computer, which will be equipped with the interface, sensor and transducer, 
as shown Figure 5.8. 
In the clear weather, the current output of the solar-generator flows to the load and 
battery, because the current output of the solar-generator (ISG) is bigger than the load 
(IL).  According to Kirchoff’s current law, the current output of the solar generator is, 
 
ISG = IB   +    IL    (5.4) 
 
where ISG  is the current output of the solar generator;  IB the battery current and IL the 
load current. 
The energy is surplus and the current battery (IB) is positive. It is named the battery 
charging. In this cond ition, the energy stored in the battery is raising that makes swell 
the battery voltage. The maximum voltage battery (VB) is 2.34 volt per cell. At this 
voltage, the lead acid in the battery starts to gassing or over charging. To protect the 
over charging, the power supply from the solar-generator must be disconnected. 
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Figure 5.8: Basic of the battery charge regulator (BCR). 
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With the interface-card, the signal of the channel II D/A is set +5 volt. The signal is 
connected to the switcher, which is a connector between the solar-generator and the 
battery. Because the signal +5 volt drives the switcher, the switcher is off. It causes 
disconnecting the solar generator-the battery and the over charging can be voided. 
When the system is operating in the cloud weather or low radiation and the power 
output of the solar-generator is smaller than the load, some energy is taken from the 
battery. When the minus energy occurs, the some energy is taken from the battery as 
the backup energy. The current battery (IB)  is negative that is defined the battery 
discharging. 
 
IL = IB   +    ISG    (5.5) 
 
The some energy is taken from the battery and the current battery is negative. The 
deficient energy decreases the energy in the battery and the voltage battery. The 
battery discharging must be limited until the minimum voltage, which is 1.9 volt per 
cell. The border of the battery discharge is defined the depth of discharging (DOD) 
which is sized with percent unit (%). When the voltage battery is 1.9 volt (DOD 
around 20%), the connection between the battery and the load must be disconnected. 
In this situation, the signal of the channel I D/D converter is set +2 volt. This signal is 
continued to the switcher, which is a connector between the battery and the load. With 
the signal +2 causes the switcher off and disconnecting between the battery and the 
load and the over discharging can be stopped. The time operation is set in the program. 
When the time operation starts, the signal output of the channel I A/D converter is set 
+5 volt. The signal is continued to the switcher that the battery and the inverter are 
contact and the pump is running. When the time operation is over, the signal of the 
channel I A/D converter is +0 volt and the pump is stopping.  
The program in the computer regulates the operating of the system automatically. The 
basic of the regulation is the condition of the weather (radiation), the energy in the 
battery, the water source and the time operation, as shown in Figure 5.10 (flowchart).  
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Figure 5.9: Personal computer functions as the battery charge regulator. 
 
5.4 Data in the Next Research 
 
In addition to regulating charge-discharge energy for the battery with one of the 
above-mentioned regulators, the personal computer with the PCI-9118HG interface 
can be used as the data logger. The channel is exploited: 16 channels Analog-Digital 
(A/D) input and 4 channels Digital-Digital (D/D) input. In order to getting the 
parameters of the photovoltaic system, some sensor and transducer will be required. 
Interrupt handler system is exploited to read the signal input from the interface. The 
measured data is averaged in the time period and saved in the hard disk. The time 
period is possible adjusted in every second, minute and hour. For the accuracy and 
effective, the time period is set every 1 (one) minute. The datum will be measured: 
sun irradiation, voltage of the solar-generator, current of the solar-generator, voltage 
of the battery, current of the battery, cell temperature, ambient temperature, pressure 
of the pump, water flow rate and rpm of the motor 
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To know the performance of the photovoltaic system, the evaluating and analyzing 
will reference to the measured data. The performance of the system is planning to 
display in the graphics and table. 
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The regulation of the single pump with the battery 
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Figure 5.10: Basic program of the regulation and measurement 
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Conclusion 
 
 
 
1. The PVP system with double pumps is suitable for the large irradiation and big 
capacity of the solar generator.The small pump is set to run in the morning and 
afternoon or at the low irradiation. At the high irradiation or around noon, the 
small pump is stopped and the big pump is operated. The location of the low 
insolation isn’t suitable for double pumps system, because the probability of 
the big pump running is small. Therefore, the PVP system loaded with the 
single pump is more effective.  
 
2. The efficiency of piston pump (including dc-dc converter) (64%) is better than 
the efficiency of centrifugal pump (including inverter) (37%). The 
photovoltaic pump system loaded with the piston pump always runs well, 
whereas the photovoltaic pump system with the centrifugal pump has good 
performance only at the high irradiation. 
 
3. The output current of the solar generator is found well estimated using a 
exponential equation mathematical model. 
The simulation program using the model is applied also to evaluate 
performance of the PVP system. From the comparison between the maximum 
power of the model and the power output of the measured data, performance 
of the PVP system is found optimum. 
 
4. The photovoltaic efficiency and the efficiency of the total system are well 
correlated by the impedance load, which has a relationship to the motor 
temperature.  
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5. To reduce the overheating of the motor temperature and increase the efficiency, 
the battery should be installed as the storage of the surplus energy and backup 
energy. Even the small capacity battery is found very effective for the PV 
water pumping system.  
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Problems 
 
 
 
1. The efficiency of photovoltaic system is still relative low or under 10 percent. 
To increase the efficiency, the new components are replaced with higher 
efficiency. For the example: usually the PVP system uses the centrifugal pump, 
but in the current experiment, the piston pump is used. Because the size of the 
piston pump is bigger than the centrifugal pump, the PVP system with the 
piston pump needs more the construction for the supporting. 
 
2. When the weather is clear and the irradiance intensity is high, the power 
output of the solar generator is greater than the load (ISG >> IL). The waste 
energy causes the damages to the system 
 
3. The price of the photovoltaic module is relative expensive. The photovoltaic 
system can’t be competitive with the other system. Therefore, the photovoltaic 
system is used in the rural area as the alternative power supply. In order to get 
the competitive photovoltaic system, the accuracy design and high 
performance is necessary. 
 
4. The lifetime of the photovoltaic module is estimated 15 years. However, the 
result of the experiment finds that some module installed less than 15 years 
occurred at the solar cell: color ring, power degradation and cracking. 
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Appendix A 
 
 
 
A simple basic design of a small photovoltaic pumping-up power system is shown 
here as an example obtained by this thesis. 
Usually this power generator system is large plant. The pump and turbine of the 
system is the same device called as the pump-turbine of centrifugal type. But as 
shown in Chapter 4 the efficiency of the small centrifugal pump is not good. So in this 
thesis the pump and mill are not the same one but selected separately. The capacity of 
the power generator is set to be W=500W as presented in Chapter 4. The schematic 
diagram of the system is shown as Figure A1. The size of the photovoltaic module 
system is about 7 x 4m. A piston pump of 500W at the water source can pump up the 
water with 7m３ｈ-1 for 7 hours a clear day. Then a water tank of 4x4x3m is installed 
at H=30m above the water source of river or well. The pump is connected to the water 
tank with d=10cm dia. pipe. For the generation of the electric power, the efficiency of 
small turbine is low and about ηt  =0.7. The efficiency of the generator and the 
transducer is ηg  =0.7. Then from the equation 
 
)1.a(QHW gt hh=  
 
The flow rate can be obtained as Q=3.3l/s. The head loss hl  of the pipe l=100m long 
with friction loss λ=0.03  is 
 
)2.a(
gwd2
l
h 2l
l
=  
and is small as 1m.  
The revolution speed of turbine is set n=3000 rpm. Then the specific speed of the 
turbine ns  is 
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)3.a(
H
Qn
n
75.0
5.0
S =  
ns =13 . Then Pelton or cross flow mill should be chosen in this system. 
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Appendix B 
 
 
 
The rice field of 1000 m2 produces about rice 480 kg for 6 months. 
Effective insolation time for one day is assumed 3 hours (including cloudy days). 
As 1 kg (rice)    =  5000 k calorie.  
 
Total energy (TE)  = 480 x 5000 k calorie 
    = 10080000 k W sec. 
 
6 months » 6 x 30 x 3 x 3600  =  1944000 seconds 
 
Total energy per day:  kW18518.5Wk
1944000
10080000
time
TE ==  for area 1000 m2. 
    = 5.18518 Wm-2. 
 
Maximum irradiation is about 1 kWm-2, then the storage efficiency of rice can be 
roughly estimated: 
   hS = .5.0
1000
18518.5 »  
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Appendix C 
 
C.1 Inverter [18] 
Inverter converts power from direct current (dc) source to alternating current (ac) 
power at a specified output voltage and frequency. Based on the phase, the inverter 
has two kinds: single phase and three phases, but in this topic the three-phases 
inverters are only discussed. 
Three-phase inverters are normally used for high-power applications. The three-phase 
inverter should be selected considering with the power output and the load. Three 
single phase half (or full)-bridge inverter can be connected in parallel as shown in 
Figure c.1.(a) to form the configuration of a three-phase inverter.  
D r i v e r
Q 1
Q 2
D 1 D 3Q 3 Q 5 D 5
D 2 Q 4 D 4
Q 6 D 6
i a i b i c
A B C
V s
2
V s
2
0
 
(a) Circuit of the three-phase inverter 
R
n
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R
R
R
a
b
c
a
b
c
 
(b) Delta connection   (c) Wye connection 
 
Figure c.1: Three-phase circuit and connection of the inverter. 
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The gating signals of single-phase inverters should be advanced or delayed by 120o 
with respect to each other in order to obtain three-phase balanced (fundamental) 
voltages. The transformer primary windings must be isolated from each other, while 
the secondary windings may be connected in wye or delta. The transformer secondary 
is normally connected in wye to eliminate triple n harmonics (n = 3, 6, 9, ……) 
appearing on the output voltages and the circuit arrangement. This arrangement 
requires three single-phase transformers, 12 transistors (or thyristors) and 12 diodes. If 
the output voltages of single-phase inverters are not perfectly balanced in magnitudes 
and phases, the three-phase output voltages will be unbalanced. A three-phase output 
can be obtained from a configuration of six transistors and six diodes as shown in 
Figure c.1.(a). When transistor Q1 is switched on, terminal a is connected to the 
positive terminal of the dc input voltage. When transistor Q4 is switched on, terminal 
a is brought to the negative terminal of the dc source. There are six modes of 
operation in a cycle and the duration of each mode is 60o. The transistors are 
numbered in the sequence of gating of the transistors (e.g. 123, 234, 345, 456, 561, 
612) and each transistor conducts for 180o. The gating signals are shifted from each 
other by 60o to obtain three-phase balanced (fundamental) voltages. 
The load may be connected in wye or delta as shown in Figure c.1.(b) & (c). For 
delta-connected load, the phase currents can be obtained directly from the line-to- line 
voltages. Once the phase currents are known, the line currents can be determined. For 
a wye-connected load, the line-to-neutral voltages must be determined to find the line 
(or phase) currents. There are three modes of operation in a half-cycle and the 
equivalent circuits are shown in Figure c.2 (a). 
During mode 1 interval ,
3
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2
R
RR eq =+=  
R3
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R
V
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S
1 ==  
3
V
2
Ri S1
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3
V2
Ri S1bn -=-=u  
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Figure c.2: Equivalent circuits for wye-connected resistive load. 
 
During mode 2 interval ,
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The line-to-neutral voltages are shown in Figure c.2.(b). The instantaneous line-to- line 
voltage, uab , can be expressed in a Fourier series, recognizing that uab is shifted by 
p/6 and the even harmonics are zero, 
)1.c(
6
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6
n
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n
V4
,......5,3,1n
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ø
ö
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è
æ p+wp
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=u å
¥
=
 
ubc and uca can be found from Equation (c.1) by  phase shifting uab by 120o and 240o, 
respectively,  
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From Equation (c.1), (c.2) and (c.3) that the triple n harmonics (n = 3, 9, 15, …..) 
would be zero in the line-to- line voltages. The line-to-line rms voltage can be found 
from 
( ) )4.c(.V8165.0V
3
2
tdV
2
2
V SS
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From n = 1, the rms value of fundamental component can be found from the peak 
magnitude in Equation (c.1): 
)5.c(.V7797.0
2
30cosV4
V S
0
S
1L =p
=  
The rms value of line-to-neutral voltages can be found from the phase voltage, 
)6.c(.V4714.0
3
V2
3
V
V S
SL
p ===  
With resistive loads, the diodes across the transistors have no functions. If the load is 
inductive, the current in each arm of the inverter would be delayed to its voltage. 
When transistor Q4 in Figure c.1 (a) is off, the only path for negative line current ia is 
through D1. Hence the load terminal a is connected to the dc source through D1 until 
the load current reverses its polarity at t = t1. During the period for 0 £ t £ t1, transistor 
Q1 will not conduct. Similarly, must be continuously gated, since the conduction time 
of transistors and diodes depends on the load power factor.   
 
 
C.2 AC motor [18] 
Three-phase induction motor is commonly used in adjustable-speed drives and it has 
three-phase stator and rotor windings. The stator windings are supplied with balanced 
three-phase voltage, which produce induced voltages in the rotor windings due to 
transformer action. It is possible to arrange the distribution of stator winding so that 
there is an effect of multiple poles, producing several cycles of magneto motive force 
(mmf) (or field) around the air gap. This field establishes a spatially distributed 
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sinusoidal flux density in the air gap. The speed of rotation of the field is called the 
synchronous speed, which is defined by 
  
)7.c(
p
2w=w  
where p is the number of poles and w is the supply frequency in rad/s. 
A stator phase voltage, us = Ö2 Vs sin wt, produces a flux linkage (in the rotor) given 
by 
 
f(t) = fm cos (wm t + d - ws t)     (c.8) 
 
the induced voltage per phase in the rotor winding is  
 
( )[ ]ttcos
dt
d
N
dt
d
Ne smmrrr w-d+wf=
f=  
( ) ( )[ ]d-w-ww-wf= tsinN msmsmr  
( )d-w-= tssinEs sm  
( ) )9.c(tssinE2s sr d-w-=  
where Nr is number of turns on each rotor phase, wm angular speed of rotor, d relative 
position of the rotor, Er rms value of the rotor induced voltage and s is slip, defined as 
 
)10.c(.s
s
ms
w
w-w
=  
 
The equivalent circuit for one phase of the rotor is shown in Figure c.3 (a), where R¢r 
is the resistance per phase of the rotor windings, X¢r is the leakage reactance per phase 
of the rotor at the supply frequency and Er represents the induced phase voltage when 
the speed is zero (or s = 1). The rotor current is given by 
 
'
r
'
r
r'
r
XsjR
Es
I
+
=  
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where R¢r and X¢r are referred to the rotor winding. 
 
sX'r
jXs Rs
jX'
s
R'
r
Ns Nr R'r
S
I'
r
Vs
jXs Rs
jX
r
R
r
S
RmjXm
Im I r
Is
I r
Is
Vs
V  = Em s
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a). Rotor circuit b). Rotor and stator circuit 
c). Equivalent circuit 
'
 
Figure c.3: Circuit model of induction motors. 
 
The per phase circuit model of induction motors is shown in Figure c.3 (b), where Rs 
and Xs are the per phase resistance and leakage reactance of the stator is shown in 
Figure c.3 (c), where Rm represents the resistance for excitation (or core) loss and Xm 
is the magnetizing reactance. There will be stator core loss, when the supply is 
connected and the rotor core loss depends on the slip. The friction and wind age loss, 
Pno load, exists when the machine rotates. The core loss, Pc may be included as a part of 
rotational loss, Pno load. 
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The rotor current Ir and stator current Is can be found from the circuit model in Figure 
c.3 (c) where Rr and Xr are referred to the stator windings. Once the values of Ir and Is 
are known, the performance parameters of the motor can be determined as follows: 
 
Stator copper loss, 
Psu = 3 Is2 Rs       (c.12) 
Rotor copper loss,   
Pru = 3 Ir2 Rr       (c.13) 
Core loss, 
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R
V3
R
V3
P
m
2
s
m
2
m
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  Gap power,  
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Developed power, 
( )s1
s
R
I3PPP r2rrugd -=-=  
( ) )16.c(s1Pg -=  
Developed torque, 
m
d
d
P
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=  
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P
s1
s1P
s
g
s
g
w
=
-w
-
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Input power,  
mssi cosIV3P q=  
)18.c(PPP gsuc ++=  
where qs is angle between Is and Vs. Output power, 
Po = Pd – Pno load . 
Efficiency, 
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If Pg >> (Pc + Psu) and Pd >> Pno load, the efficiency becomes 
( )
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P
P
g
g
g
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-
=»h  
The value of Xm is normally large and Rm, which is much larger, can be removed from 
the circuit model to simplify the calculations. If Xm2 >> (Rs2 + Xs2), then Vs » Vm and 
the magnetizing reactance Xm may be moved to the stator winding to simplify further. 
This is shown in Figure c.4. 
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Figure c.4: Approximate per-phase equivalent circuit. 
 
 
The input impedance of the motor, 
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 and the power factor angle of the motor, 
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From Figure c.4, the motor current, 
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Substituting Equation (c.23) in Equation (c.15) and (c.17) yields 
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If the motor is supplied from a fixed voltage at a constant frequency, the developed 
torque is a function of the slip and torque-speed characteristics can be determined 
from Equation (c.24). 
 
 
C.3 Centrifugal Pump [16] 
The mechanical load characteristics can be described by 
 
( ) )25.c(
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where x = 0 for a constant torque; x = 1 for viscous friction; x = 2 for a centrifugal 
pump at constant head. 
Hence, for a centrifugal pump 
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For simplicity, this Equation is written as 
tL = A + B S2     (c.26) 
 
where  
A = to     
.
S
B 2
o
onL t-t=  
 
The pump is modeled by the characteristic surface of H, Q and S where H is the head  
(m), Q is the flow (m3) and S (rev. min-1) is the speed and these parameters have the 
relationship,  
 
H = f(Q,S) .    
Alternatively, the Equation may be written as 
 
H = A1 Q2 + 2 B1 SQ + C1 S2    (c.27) 
 
where A1, B1 and C1 are constant for a given pump and could be found either from the 
test data or from the manufacturer’s specifications. 
 
 
C.4 DC-DC Converter 
C.4.1 Boost Regulator 
In a boost regulator, the output voltage  is greater than the input voltage hence the 
name “boost”. A boost regulator using a power MOSFET is shown in Figure c.5.(a), 
and this similar to a step-up chopper. The circuit operation can be divided into two 
modes. Mode 1 begins when transistor Q1 is switched on at t = 0. The input current, 
which rises, flows through inductor L and transistor Q1. Mode 2 begins when 
transistor Q1 is switched off at t = t1. The current, which is flowing through the 
transistor, would now flow through L, C, load and diode Dm. The inductor current 
falls until transistor Q1 is turned on again in the next cycle. The energy stored in 
inductor L is transferred to the load. The equivalent circuits for the modes of 
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operation are shown in Figure c.5.(b). The waveforms for voltages and currents are 
shown in Figure c.5.(c) for continuous load current. 
Assuming that the inductor current rises linearly from I1 to I2 in time t1, 
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and the inductor current falls linearly from I2 to I1 in time t2, 
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Substituting t1 = kT and t2 = (1-k)T yields the average output voltage, 
)31.c(.
k1
V
V sa -
=  
Assuming a loss less transistor Vs Is = Va Ia = Vs Ia/(1-k) and the average input current 
is 
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The switching period T can be found from 
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and this gives the peak-to-peak ripple current, 
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When the transistor is on, the capacitor supplies the load current for t = t1. The 
average capacitor current is Ic = Ia and the peak-to-peak ripple voltage of the capacitor 
is 
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Figure c.5: Boost regulator. 
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Equation c.31 gives t1 = (Va – Vs)/(Va f) and substituting t1 in equation c.36 gives 
 
( )
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A boost regulator can step up the output voltage without a transformer. Due to single 
transistor, it has high frequency. The input current is continuous. However, a high 
peak current has to flow through the power transistor. The output voltage is very 
sensitive to changes in the duty cycle k and with the load circuit. The average output 
current is less than the average inductor current by a factor of (1-k) and a much higher 
rms current would flow through the filter capacitor, resulting in the use of a larger 
filter capacitor and a larger induction than those of a buck regulator.   
 
 
C.5 DC Motor [16] 
The equivalent circuit for a separately excited dc motor is shown in Figure c.6. When 
a separately excited motor is excited by a field current of if and an armature current of 
ia flows in the armature circuit, the motor develops a back emf and a torque to balance 
the load torque at a particular speed. The field current, if, of a separately excited 
motor is independent of the armature current, ia and any change in the armature 
current has no effect in field current. The field current is normally much less than the 
armature current. The equations describing the characteristics of a separately excited 
motor can be determined from Figure c.6. The instantaneous field current, if, is 
described as 
 
.
dt
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LiR fffff +=u  
 
The instantaneous armature current can be found from 
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The motor back emf, which is also known as speed voltage, is expressed as 
 
.iKe fvg w=  
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Figure c.6: Equivalent circuit of separately excited dc motors. 
 
The torque developed by the motor is 
 
.iiKT aftd =  
The developed torque must be equal to the load torque: 
 
Ld TBdt
d
JT +w+w=  
where w is motor speed, rad/s; B viscous friction constant, N.m/rad/s; Kv voltage 
constant, V/A-rad/s; Kt=Kv torque constant; La armature circuit inductance, H; Lf field 
circuit inductance, H; Rd armature circuit resistance, W; Rf field circuit resistance, W; 
TL load torque, N.m. 
Under steady-state conditions, the time derivatives in these equations are zero and the 
steady-state average quantities are 
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)40.c(.EIRV gaaa +=  
 
)41.c(.IKE fvg w=  
  
.IIKT aftd =  
 
)42.c(TB L+w=  
The develop power is 
Pd = Td w  .      (c.43) 
 
The relationship between the field current, If, and the back emf, Eg, is nonlinear due to 
magnetic saturation. This relationship is known as magnetization characteristic of the 
motor.  The speed of separately excited motor can be found from 
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The motor speed can be varied by (1) controlling the armature voltage, Va, know as 
voltage control; (2) controlling the field current, If, known as field control; or (3) 
torque demand, which corresponds to an armature current, Ia, for a fixed field current, 
If. The speed, which corresponds to the rated armature voltage, rated field current and 
rated armature current, is known as the base speed.  
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